One extension of the ethylene-auxin transport natural abscission model is that synthetic auxin transport inhibitors should perform the proposed initial function of ethylene and thereby hasten or increase the amount of leaf abscission that will result from a given level of ethylene. Beyer (6) has come to similar conclusions independently, and experiments similar to some of the ones reported here have been performed (5).
Recently a model has been proposed for the role of endogenous ethylene in the regulation of natural abscission of intact leaves (7) . Jackson and Osborne (14) have also proposed that ethylene is a natural regulator of abscission. Briefly, the proposed regulatory system (7) first involves a modification of the hormone balance in the abscission zone achieved as rising ethylene levels reduce the auxin transport capacity of petioles. With auxin levels declining and ethylene levels rising, a point or balance is reached where ethylene exerts direct actions in the abscission zone such as stimulating synthesis of hydrolytic enzymes (2, 3, 13, 21) and secretion of these enzymes into the cell wall (4) . When abscission is accelerated by exposing plants to ethylene, there is some eviuence that the gas may alter auxin levels in the abscission zone of some plants by stimulating destruction (12, 20) and binding (9) and by inhibiting synthesis (23) , as well as reducing transport capacity (7). Beyer and Morgan (7) One extension of the ethylene-auxin transport natural abscission model is that synthetic auxin transport inhibitors should perform the proposed initial function of ethylene and thereby hasten or increase the amount of leaf abscission that will result from a given level of ethylene. Beyer (6) has come to similar conclusions independently, and experiments similar to some of the ones reported here have been performed (5) .
We report here that several auxin transport inhibitors increase the rate and extent of leaf abscission induced by ethylene or ethylene-producing ethephon. For periods up to a week after application, the transport inhibitors do not cause abscission themselves, but they potentiate the intact leaf to abscise when exposed to ethylene. Additional experimental approaches are possible and may be employed in future studies; however, the basic message of this paper is a straightforward result which justifies the approach employed. (22) as the acid (Eastman Organic Chemicals, TIBA) and the dimethylamine salt, 14.2% active ingredient (Chemagro Corporation, ; N-1-naphthylphthalamate as the sodium salt, 93.7% active ingredient (Uniroyal Chemical, ALANAP), (15, 18) ; and 3, 3a-dihydro-2-(p-methoxyphenyl)-8H-pyrazolo-(5, 1-a) isoindol-8-one (6) as the 80% active wettable powder (E. I. du Pont de Nemours and Company. experimental DPX-1840). All m aterials applied as sprays included 0.05% Tween 20 wetting agent in the spray solution. For convenience, the names in all capital letters given above will be used in the following sections.
MATERIALS AND METHODS
In addition to the auxin transport inhibitors, a group of anti-auxins and related auxin antilogs with little or no growth-promoting activity (8. 16, 17) were tested. These included phenoxyacetic acid, 2-chlorophenoxyacetic acid, 4- chlorophenoxyacetic acid, 2, 5-dichlorophenoxyacetic acid (2,5-D), 2,6-dichlorophenoxyacetic acid, 2,4-dichloroanisole, and 2,4,6-trichlorophenoxyacetic acid. These materials were supplied by Amchen Products, Incorporated.
RESULTS
The effect of three auxin transport inhibitors (6, 15, 18, 22) on leaf abscission is illustrated in Figure 1 . All three materials caused a marked increase in leaf abscission over control plants also exposed to ethylene but not to an auxin transport inhibitor. During the time interval indicated, none of the transport inhibitors induced any abscission by themselves, i.e., without ethylene. Several additional experiments not reported in detail confirmed these results.
We conducted additional experiments in which the auxin transport inhibitors were applied directly and exclusively to the petiole. We employed younger plants, 17 days from planting, so that the cotyledons would not have begun to visibly senesce and abScise and thus could be included in the test. Previous experience indicated that with such young, vegetative plants the cotyledons and some of the youngest, incompletely expanded leaves would be the first to abscise when exposed to ethylene and the oldest, nearly fully expanded leaf would be the last to fall (12 and unpublished data). The differences in age and stage of development of leaves of these plants are much less than occur several weeks later when the lower leaves will begin to visibly senesce. As indicated in Figures  2A and 3A , the localized application of auxin transport inhibitors to petioles greatly increased abscission of first true leaves and cotyledons of plants exposed to ethylene. Abscission of true leaf number one before younger leaves is a striking reversal of the usual pattern of abscission of vegetative cotton plants. In general, TIBA was least effective, and its acid form was more effective than the dimethylamine salt. Both forms tended to damage the treated petioles as indicated by discoloration and tissue shrinkage. TIBA at 1 %, and to some extent the salt of TIBA and Alanap at both concentratiCns. increased the abscission of younger, untreated leaves located above those which were treated in comparison to the abScis- Figure 2 , we determined whether the localized application ot auxin transport inhibitor would still increase ethyiene-induced abscission. The control tray (no ethylene) of plants was sprayed with Ethrel (10 mM) on day 7 and again on day 8 (days numbered from the application of auxin transport inhibitors). At 60 hr after the initial Ethrel application, 1 % TIBA and DPX-1840 increased abscission of treated leaves to 66 and 61 % respectively versuts 7% for the same leaves on plan4s without transport inhibitors.
The relationship between the level of one transport inhibitor, DPX-1840, and the level of ethylene on leaf absccission at 48 hr after exposure to ethylene is summarized in Figure 4 . At ethylene concen,rations from about 2 to 7 11/l, the amount of abscission was relatively constant and was independent of DPX-1 840 concentration in the range of 10-2 to 10-M. If the auxin transport inhibitor was not present, ethylene produced a completely different dose-response curve. Below 1 ,ud/l ethylene, the amount of abscission was influenced by both the level of ethylene and the level of transport inhibitor (Table  I) . At low levels of ethylene there was a minimum level of DPX-1840 required and abscission increased as inhibitor increased. The threshold level of ethylene for any abscission in 72 hr was between 0.03 and 0.10 ,ul/l. The optimum concentration of DPX-1840 was usually 1 mm for ethylene levels below 0.5 td/l.
We determined that the auxin transport inhibitors increased the abscission activity of ethephon (Ethrel) as well as ethylene. We used that material to determine the optimum time between application of the transport inhibitor and ethylene (as Ethrel, Fig. 5, A and B) . There was very little difference in abscission whether the inhibitors were applied 24, 12, or 0 hr before Ethrel. We tested the ability of auxin transport inhibitors to potentiate leaf abscission at abscission-saturating levels of ethylene and found that the degree of enhancement of abscission by DPX-1840 over that with ethylene alone decreases as ethylene levels increase (Fig. 6) . At 1 to 3 ,ul/l ethylene, DPX hastened initiation of abscission as well as increased the magnitude of the response (Figs. 4 and 6 ), whereas at 52 ,ul/l there was only a relatively small difference in magnitude (Fig. 6) .
TIBA is both an anti-auxin (10, 16) , a very weak auxin (10, 16) , and an auxin transport inhibitor (22) . Therefore, we tested a series of 2,4-D analogs, many with significant antiauxin activity. for their ability to potentiate Ethrel-induced abscission (Table II) . At As previously stated, plants treated with auxin transport inhibitors alone abscised no true leaves during the usual 3 or 4 day observation period after application of inhibitor. However, plants treated with DPX-1840 alone abscised leaves during the interval from 7 to 21 days after treatment while maintained in a greenhouse. All leaves which abscised were among the youngest, partially expanded leaves at the time of treatment, and there was more abscission with 10 mm than 1 mM DPX-1840. Lower levels of DPX-1840 caused neither abscission nor abnormal growth, but the two highest levels produced extensive growth of lateral buds to form distorted branches. New primary leaves exhibited growth symptoms similar to those produced by 2,4-D.
DISCUSSION AND CONCLUSIONS The data here support the hypothesis that ethylene acts in natural abscission regulation by its well established capacity to inhibit auxin transport in the petiole (7) . Once the auxinethylene balance has been changed in the abscission cells, then ethylene can proceed with its more direct actions of inducing synthesis and secretion of hydrolytic enzymes (2-4, 13, 21 ). The fact that a variety of auxin transport inhibitors will promote abscission over a range of concentrations, both with ethylene and ethylene derived from 2-chloroethanephosphonic acid (Figs. 1-3, 5 ), supports the model (7) . The ability of the compounds to act when applied locally to petioles (Figs. 2, 3 ) and in particular their ability to potentiate the abscission of the oldest true leaf, which usually will not abscise in 48 hr at the ethylene levels employed in these tests, is further evidence that the critical action of these materials is to limit the auxin supply. This is further supported by the fact that the transport inhibitors did not cause any abscission by themselves during a 2-or 3-day test period but did so only when coupled with ethylene. Apparently, DPX-1840 at 10 mm and 1 mm reduced auxin transport sufficiently to cause abscission of incompletely expanded leaves beginning a week after treatment (text).
The auxin-transport inhibitors were more effective than antiauxins in their ability to promote ethylene-induced abscission (Table II) . However, anti-auxins should also reduce the effective level of auxin by competing for auxin sites, and there was some promotion of Ethrel-induced abscission by these compounds. The anti-auxin which was most active in abscission promotion (Table II , phenoxyacetic acid) was among those with the least growth-promoting activity, highest minimum concentration to completely inhibit abscission, and no capacity to promote abscission in stage II explants (8) . On the other hand, those compounds which were least active as abscission promoters in our tests (4-chlorophenoxyacetic acid, 2,5-D) were higher in growth promoting activity, lower in minimum concentration to completely inhibit abscission and, for 2,5-dichlorophenoxyacetic in particular, could produce a significant acceleration of abscission when applied to stage II petiole explants (8) . All three of these latter properties were more strongly expressed by the more active auxins, 2, 4-D and 2,4,5-trichlorophenoxyacetic acid (8) . Abeles (1) (Table II) . These studies also indicate the danger of projecting explant findings to intact plants; the best materials for petiole abscission (in stage II) were the poorest for leaf abscission and the reverse was also true.
That the experiments here are dealing with the balance between auxin and ethylene is supported by the data in Table  I . There are levels of ethylene so low that DPX-1840 will not enhance abscission. As ethylene levels were raised, a concentration of DPX-1840 was found that promoted abscission, and the degree of promotion was proportional to its concentration. At still higher ethylene levels the concentration of DPX-1840, within the limits shown in Figure 4 , had little effect on the degree of abscission. In this latter situation, ethylene had exceeded the threshold necessary to act at some minimum auxin level and further reduction in the auxin level was without a major effect. Finally, at saturating levels of ethylene, DPX-1840 had only a slight effect on abscission (Fig. 6) The results in Figure 6 raise the question of whether the events of the Beyer-Morgan model (7) are in series or parallel. One possibility is that 52 1il/l of ethylene is nearly as effective as DPX-1840 in reducing auxin transport. However, the DPX-treated plants presumably already had auxin transport inhibited, since DPX was applied 24 hr before ethylene; thus, one might consider that the inhibition of auxin transport and promotion of abscission layer events occurred simultaneously in the control plants at 52 .l/l1 ethylene nearly as rapidly as the abscission layer events occurred in the DPXtreated plants. This could mean either that in normal leaf abscission the inhibition of transport and induction of hydrolytic enzyme synthesis are parallel, a situation not entirely in harmony with our hypothetical model (7) , or that levels of ethylene can be reached which saturate the enzyme-induction systems (abscission zone events) while overriding the effect of native auxin present. In this latter situation one would be dealing with nonphysiological levels of ethylene and a reduction of auxin levels would be less important. This explanation is favored by the fact that the ability of rather high levels of ethylene to cause leaf (11) or explant petiole (19) Until tested further, we will follow the working hypothesis that inhibition of auxin transport (or other reduction of auxin levels) is a functional event controlled by ethylene in natural, intact leaf abscission which precedes the direct action of ethylene on events in the abscission zone. The failure of the auxin transport inhibitors to cause any promotion of abscission by themselves during the initial 2 to 3 days after application is suggestive that a rise in ethylene production rather than a decline in auxin levels is the key event which sets the abscission mechanism in motion.
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